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Electron transfera b s t r a c t
Formation of an encounter complex is important for efﬁcient protein complex formation. The
encounter state consists of an ensemble of orientations of two proteins in the complex. Experimen-
tal description of such ensembles inherently suffers from insufﬁcient data availability. We have
measured paramagnetic relaxation enhancements (PRE) on cytochrome c peroxidase (CcP) caused
by its partner cytochrome c (Cc) carrying a spin label. The data complement earlier PRE data of spin
labelled CcP, identifying several new interactions. This work demonstrates the need of obtaining as
many independent data sets as possible to achieve the most accurate description of an encounter
complex.
Structured summary of protein interactions:
CcP and Cc bind by nuclear magnetic resonance (View interaction)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction low energy and weakly interacting conformations, it is essentially1.1. The encounter complex and the inverse problem
Protein–protein complex formation requires an intermediary
complex to form before the ﬁnal, stereospeciﬁc state is reached.
The formation of this encounter complex is driven by long-range
charge–charge and hydrophobic interactions, resulting in a weakly
associated complex in which the protein partners are free to rotate
and reorient themselves. From there, the number of short-range
interactions (van der Waals, hydrogen-bonding, hydrophobic
interactions and salt bridges) between the pair is increased to form
the stereospeciﬁc state [1].
The transient and highly dynamic nature of the encounter
complex makes it difﬁcult to observe and visualize. Because the
encounter complex is comprised of a large number of transient,invisible to many structural biology techniques. Paramagnetic
nuclear magnetic resonance (NMR) spectroscopy provides a unique
opportunity to study these highly dynamic complexes as the
observed effects, from paramagnetic relaxation enhancement
(PRE) in particular, are extremely sensitive for those lowly popu-
lated states in which the nucleus is closer to a paramagnetic centre
than in the other state(s) [2].
The main drawback is that the PRE, like many other NMR
observables, is an average over all the conformations present in
the sample. This makes visualization of the complex an ill-posed
inverse problem [3,4], in which many ensembles of solutions can
be found to match the observed data [5–14]. In fact, the only result
that can be determined conclusively is where the interaction does
not occur. If a paramagnetic centre does not cause PRE on the part-
ner, it can be concluded that the surface region around that centre
is not sampled by the partner for a signiﬁcant fraction of the life-
time of the complex. Therefore, by using paramagnetic probes at
several locations on the protein’s surface, an exclusion map can
be generated [5–7,14–16]. The more restraints can be incorporated
into the modelling calculations, the more reﬁned the ensemble of
structures becomes and the closer it will be to the true ensemble
in the sample [17–21].
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Encounter complexes are highly populated in complexes that
represent a compromise between speciﬁc binding and high-turn-
over. Therefore, electron transport complexes are ideal candidates
for studying the encounter complex as they require binding spe-
ciﬁc enough to allow for electron transfer but weak and transient
enough to accommodate very high turn-over rates [22]. The elec-
tron transfer complex between yeast iso-1-cytochrome c (Cc) and
yeast cytochrome c peroxidase (CcP) is a well characterized system
for studying the encounter complex. It spends approximately 30%
of the time in the encounter complex [5,15], which can be shifted
to as low as 10% or as high as 90% with point mutations near the
binding interface [23].
The solution structure of the CcP–Cc encounter complex was
determined in 2006 by Volkov et al. using PRE effects generated
in the 15N-HSQC spectra of Cc by MTSL spin labels attached at ﬁve
locations on the surface of CcP [15]. Although both of these pro-
teins contain a paramagnetic haem group, the effects produced
by these are not suitable for studying the complex. Therefore, MTSL
spin labels were used to generate PREs, which provided restraints
for docking of the proteins. The study demonstrated that the com-
plex spends approximately 70% of the time in the stereospeciﬁc
state found in the crystal structure [24] and 30% in other orienta-
tions representing the encounter complex. The model of the latter
was later reﬁned by Bashir et al. in 2010 by expanding the initial
data to include PRE restraints from MTSL attached at ten sites on
CcP. Back-calculated data from a theoretical encounter complex,
generated using an electrostatics based Monte Carlo method, was
compared to the experimental PREs. The additional data obtained
allowed for the complete mapping of the conformational space
sampled; Cc was found to sample only 15% of the CcP surface dur-
ing complex formation [5], in line with the results from earlier the-
oretical studies [25,26].
The goal of the present study was to view the CcP–Cc encounter
complex from ‘‘the other side’’ and validate the previously deter-
mined ensemble. The NMR resonances of the backbone amides of
CcP (34.2 kDa) were assigned, which then allowed us to observe
both chemical shift perturbations (CSP) and PRE effects in the
NMR spectrum of CcP that were generated in the presence of
spin-labelled Cc. We observe many effects similar to those previ-
ously reported for the complex as well as several novel interac-
tions. These results show the importance of extending the
available set of restraints as far as possible to increase the accuracy
of an encounter complex description.2. Material and methods
2.1. Sub-cloning of yeast CcP
The gene construct for Saccharomyces cerevisiae CcP C128A [15]
was sub-cloned into a pET28a(+) vector. The gene was ampliﬁed
using PCR with a 50 primer containing a PciI site (resulting in MSKT
as the ﬁrst four amino acids) and a 30 primer containing an XhoI
site. The fragment was cloned into a pET28a(+) vector cut with
XhoI and NcoI, which are compatible with PciI, yielding pET28aCcP.
The sequence of the insertion was veriﬁed by DNA sequencing.
2.2. Expression and puriﬁcation of CcP
The pET28aCcP plasmid was used to express and purify CcP in a
protocol adapted from Refs. [27,28] with changes for labelled pro-
tein expression and the use of phosphate buffers, see Supplemen-
tary Methods for details. The concentration of CcP was
determined using UV–Vis spectroscopy at e408nm = 98 mM1cm1and the coordination of the haem group was determined using sev-
eral absorbance ratios [29].
2.3. Protein expression and puriﬁcation of Cc
A pUC19 based plasmid containing the S. cerevisiae iso-1-cyto-
chrome c gene was used to express and purify Cc as described pre-
viously [30,31]. The wild type (WT) protein and mutant V28C [9]
were used. The concentration of Cc was determined using UV–
Vis spectroscopy and e410nm = 106.1 mM1cm1 [31]. The standard
yield was approximately 20 mg/L in rich media for both WT and
V28C Cc.
2.4. Spin-labelling
Samples of V28C Cc were labelled with either MTS [1-acetoxy-
2,2,5,5-tetramethyl-d3-pyrroline-3-methyl)-methanethiosulfonate]
or MTSL [1-oxyl-2,2,5,5-tetramethyl-d3-pyrroline-3-methyl)-meth-
anethiosulfonate] (Toronto Research Chemicals, North York, ON,
Canada) as described previously [15], see Supplementary Methods
for details. The labelling efﬁciency was determined by mass
spectroscopy to be essentially 100%.
2.5. NMR spectroscopy
2.5.1. CcP assignment
CcP appears to be stable at 20 C for only 4–5 days, so several
samples were required for the backbone assignment experiments.
A large sample of 400 lM triple labelled [15N, 13C, 2H] CcP was pre-
pared in 20 mM sodium phosphate (NaPi), 100 mM NaCl, 6% D2O,
pH 6.0 and then aliquoted into several identical samples. A full
set of protein amide backbone assignment experiments were
recorded and processed at the Biomolecular Magnetic Resonance
facility, Goethe University, Frankfurt. The data was processed using
Topspin 3.1 (Bruker, Karlsruhe, Germany) and spectral assignment
and analysis was done using CCPN analysis 2.1.5 [32]. See Supple-
mentary Methods for details. NMR assignments have been submit-
ted to the BMRB under entry number 19884.
2.5.2. Titration experiments
To obtain binding constants, 1.7–2.5 mM stocks of WT or MTS-
V28C Cc were titrated into 400 lM double labelled [15N, 2H] CcP in
20 mM NaPi, 100 mM NaCl, 6% D2O, pH 6.0. 2D BEST-TROSY-HSQC
experiments [33] were recorded on a Bruker AVIII HD spectrome-
ter equipped with a 1H{13C/15N} TCI-cryoprobe operating at a Lar-
mor frequency of 850 MHz at 293 K with 1024 and 100 complex
points in the 1H and 15N dimensions, respectively. Spectra were
recorded at intervals of 0.2:1 Cc:CcP until a ﬁnal ratio of Cc:CcP
of 2.0:1 was reached. All data were processed using Topspin 3.2
(Bruker, Karlsruhe, Germany) and analysis was done using CCPN
Analysis 2.1.5.
The average CSP (Ddavg) were derived as described previously
[34]. With the derived binding constants, it was calculated that
98% of WT or 99% V28C Cc was bound to CcP, in the sample with
a 2:1 ratio of Cc:CcP. Therefore, in order to obtain Ddavg extrapo-
lated to the 100% bound form, the respective Ddavg values were
divided by 0.98 or 0.99. The chemical shift titration curves were
analyzed with a two-parameter, non-linear least squares ﬁt using
a one-site binding model as described previously [35]. The ﬁtting
was done using OriginPro 8.5 (OriginLab, Northampton, USA).
2.5.3. Paramagnetic experiments
NMR samples contained 400 lM double labelled [15N, 2H] CcP
in 20 mM NaPi, 100 mM NaCl, 6% D2O, pH 6.0 with either
120 lM or 290 lM MTS(L)-V28C Cc. 2D BEST-TROSY-HSQC exper-
iments were recorded and processed as described for titration
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observed amide proton resonances in the spectra of CcP with
MTS-Cc (diamagnetic) or MTSL-Cc (paramagnetic) samples
(Fig. S1). The R2,para was calculated as described previously [5,36].
For amides that gave an Ipara/Idia but for which the line width of
the diamagnetic peak could be not obtained, the average value of
all the calculated R2,dia values was used with a large error margin.
For the amide peaks that disappear in the paramagnetic spectrum,
an upper limit for Ipara was set to two standard deviations of the
noise level of the spectrum.














where r is the distance between the unpaired electron of the MTSL
and a given amide proton of CcP, fbound is the fraction of CcP bound
to Cc (30% for 120 lM Cc; 73% for 290 lM), cH is the proton gyro-
magnetic ratio, ge is the electronic g-factor, b is the Bohr magneton,
l0 is the vacuum permeability, S is the spin quantum number for
free electrons (1/2), sc is the rotational correlation time (estimated
to be 16 ns [15]) and xH is the proton Larmor frequency. The calcu-
lated distances were divided into three classes: strongly affected
residues for which the peaks had been completely broadened out
in the paramagnetic spectrum and only an upper limit could be cal-
culated, affected residues for which the peaks were visible in the
paramagnetic spectrum (error margins were set to at least ±3 Å to
account for experimental error) and residues that were too far away
from the spin label to experience signiﬁcant PRE, so only a lower
limit could be calculated. These distances were then compared to
back-calculated distances for a stereospeciﬁc, encounter or 30%
encounter/70% stereospeciﬁc complex [5]. See Supplementary
Methods for details.
3. Results and discussion
Previous paramagnetic NMR studies on the CcP–Cc complex
were done by placing the probe on the surface of CcP and observing
the paramagnetic effects in the spectra of Cc [5,15,23]. In order to
observe the complex from the other side, the backbone assignment
of CcP was obtained resulting in 240 assignments, 86% of assign-
able residues (Fig. S2). During this work, an independent assign-
ment of CcP was published [37] with 197 assignments, a few of
which were used to complement our data set. The 40 unassigned
residues were either buried in the protein, probably experiencingFig. 1. Chemical shift perturbations for selected CcP residues in the 1H or 15N dimension
to a 1:1 binding model (described in Section 2) and the solid lines show the best ﬁt when
(pH 6.0) at 293 K.incomplete back-exchange of the deuterons [38], or were within
5 Å of haem iron atom. Nonetheless, a sufﬁcient coverage of the
CcP surface was achieved to allow for mapping of interactions with
spin-labelled Cc.
V28C was selected for spin labelling because it is located close
to the binding interface between the two proteins and MTSL could
be modelled into the crystal structure without resulting in steric
clashes. To ensure that attachment of the tag in this location did
not signiﬁcantly disrupt complex formation, both WT and V28C-
MTS Cc were titrated into 15N, 2H labelled CcP and CSP were mon-
itored. Numerous resonances shifted in the spectrum, indicating a
fast-exchange binding process. The KB values were determined for
the WT or MTS-V28C complex by ﬁtting the CSP curves to a 1:1
binding model (Fig. 1). The KB determined for the complex with
WT Cc is KB = 2 ± 1  105 M1, which is the same within error as
previously reported [39,40]. The binding constant for the complex
with MTS-V28C was found to be the same within error, KB = 3 ± 1 
105 M1. These values were then used to extrapolate average
amide shifts, Ddavg, for 100% bound CcP (Fig. S3). For the WT com-
plex, the overall CSP pattern was similar to that described previ-
ously [41]. The CSPs for WT and MTS-V28C in this study were
also identical within the error margins (±0.011 ppm) except for
20 peaks showing slightly larger differences (Table S2). The Ddavg
values were used to create a CSP map (Fig. 2). For both WT and
MTS-V28C Cc, the CSP effects on CcP were localized around the
binding interface where Cc is expected to be in the stereospeciﬁc
complex. The few peaks with signiﬁcant differences in Ddavg for
MTS-V28C (Table S2) are in the centre of the binding interface
(square box in Fig. 2). However, overall the differences between
the two CSP maps are small and the KB values (Fig. 1) are the same
within error, indicating that the effects of the tag on complex for-
mation are minimal.
While CSP analysis can be used to determine how complexes
interact and even provide restraints for modelling, PRE effects are
much more sensitive to weak, transient interactions and lowly
populated states due to their strong distance dependence (r6).
This makes them much more suitable for studying encounter com-
plexes. A PRE map was generated on the surface of CcP of PRE
caused by MTSL-V28C Cc (Fig. 3). The strongest PRE effects were
localized to the stereospeciﬁc binding interface, which is consis-
tent with the CSP map (Fig. 2) but now the strongest effects (shown
in red in both ﬁgures) are localized slightly differently. In the CSP
map, the strongest interactions occur in a large patch in the bottom
half of the binding interface, while this is shifted to a smaller patch
at the top corner of the binding interface in the PRE map, near
V28C. This difference is due to the different types of effects beingduring titration with WT Cc (A) or MTS-V28C Cc (B). The curves were ﬁtted globally
using a shared KB value. These experiments were done in 20 mM NaPi, 100 mM NaCl
Fig. 2. Chemical shift perturbation map for 15N, 2H CcP C128A bound to WT (A) or MTS-V28C Cc (B and C), colour coded on a surface model of CcP (haem group in red sticks)
in the stereospeciﬁc complex (PDB-entry 2GB8) [15]. Cc is shown in green ribbons with the haem group in red lines and MTSL-V28 is shown in teal sticks. CSP were
extrapolated to 100% bound CcP. Residues with DdavgP 0.06 ppm are red, 0.04–0.06 ppm are orange, 0.02–0.04 ppm are yellow, 0–0.02 ppm are blue and with no data are
grey. Residues with a large increase in Ddavg for MTS-V28C compared to WT are located in the black box.
Fig. 3. PRE map for 15N, 2H CcP C128A in the presence of MTSL-V28C Cc, colour-coded on a surface model of CcP (haem group in red sticks) in the complex (PDB-entry 2GB8)
[15]. Cc is shown in green ribbons with the haem group in red lines and MTSL-V28 is shown in teal sticks. The experimental PREs were measured in a sample in which 73% of
CcP was bound to Cc. The PREs were then extrapolated to 100% bound CcP for this map. Residues with U2,paraP 100 s1 are red, 20 s1 < U2,para < 100 s1 are orange,
5 s1 < U2,para < 20 s1 are yellow, U2,para 6 5 s1 are blue and with no data are grey. Residue I102 is indicated with an arrow and residues 167, 188, 213, 230–243, 245, 247, 265
and 269 are located in the black circles.
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amide groups feel the strongest perturbation in their chemical
environment while the strongest PRE effects occur close to V28C.
Despite this slight difference in how the effects were focused, the
majority of both types of effects were localized in the same area
around the binding interface. The PRE effects however formed a
much larger circumference around the interface of the stereospe-
ciﬁc complex. This demonstrates clearly how much more sensitive
PREs are for weak interactions and how they complement CSP data.
The PRE effects were converted to distances between affected
residues and the paramagnetic centre. Previously, paramagnetic
NMR studies on the CcP–Cc complex demonstrated that 30% of the
complex populationwas in the encounter state [5,15], so the exper-
imental data were expected to best match the predicted data forsuch a complex. For the PRE calculations, an estimate of 16 ns was
used for the effective sc, the correlation time for the spin label-to-
nucleus vector, which incorporates contributions from at least three
types of mobility. First, there is the rotational diffusion of the entire
CcP–Cc complex. Second, Cc rotates within the complex relative to
CcP. The sc for Cc movement within the encounter complex has
never been determined, so it is unknown how much it contributes
to the overall sc. Third, the rotation of the spin label may contribute
to the correlation time. This contribution is dependent on the dis-
tance between spin label and nucleus. The further the nucleus, the
smaller the rotation angle of the spin label appears to be. Sixteen
nswas used because it has been demonstrated before that this value
gave a good ﬁt to the experimental, PRE derived distances, suggest-
ing that the overall rotation of the complex dominates sc [15].
Fig. 4. Experimental and back-calculated averaged distances between CcP C128A amide protons and the paramagnetic centre in MTSL-V28C Cc plotted against the CcP
residue number. The red squares represent the experimental distances with errors in grey bars. The average of back-calculated distances for a 30% encounter complexes for
spin label rotamers A–C is shown as a blue line with a spread of two standard deviations shown in light blue bars (see Supplementary Methods for details on back-
calculations). The experimental data were obtained with 73% CcP bound and extrapolated to 100%.
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and may vary, three widely spaced rotamers were used (Fig. S4) to
back-calculate distances for six 30% encounter/70% stereospeciﬁc
data sets, the averageofwhich (± two standarddeviations)was com-
pared to the experimental data (Fig. 4) (see SupplementaryMethods
for calculation details). The PREs could be determined accurately
between 14 and 23.5 Å (±P3 Å), and in this range there was a good
global agreement between the experimental and predicted dis-
tances for the 30% encounter complex. However, despite the large
margins for error, there were signiﬁcant differences for several res-
idues: 43, 101, 102, 109, 167, 188, 205, 230–243, 245, 247, 265 and
269.
As mentioned above, to account for the ﬂexibility of the spin
label in the distance calculations, three very different rotamers
were used to ensure sufﬁcient margins of error were generated.
The actual spin label orientations in the complex are unknown,
so it cannot be excluded that distances for residues that are just
outside the error margins are attributed to other spin label orien-
tations. Residues 43 and 205 are directly in the binding interface
of the stereospeciﬁc complex, and therefore sensitive to the spin
label orientation.
The remaining residues that were more affected than pre-
dicted are in regions that border the binding interface (black cir-
cles in Fig. 3) or slightly towards the back of CcP (blue arrow in
Fig. 3). Some of these also showed weak effects in the CSP map
for WT (residues 101, 102, 109, 188, 230, 231, 236, 237) or
MTS-V28C Cc (residues 101, 102, 109, 167, 188, 230, 235, 236)
(Fig. 2) and similar effects were observed in the PRE data for
30% bound CcP (Fig. S5). The predicted data are based on a theo-
retical encounter complex simulation that was generated using
an electrostatics-based Monte Carlo method [5]. Although it is a
good representation, this model does not perfectly describe the
encounter complex ensemble [6]. The observed discrepancies
are relatively minor but signiﬁcant, indicating that a larger data
set will allow for better reﬁnement of the model.
Interestingly, these effects were not observed by Bashir et al. in
2010 when they placed MTSL spin labels at ten locations on the
surface of CcP and observed the PREs on Cc. In particular, MTSL
was attached to L213C and S263C, which are located on either side
of the region bordering the binding interface where we observe
effects, but few effects were observed and none stronger than Ipara/
Idia = 0.8. In that study MTSL was also attached to three residuesclose to I102 (V10, K97C and T137). MTSL at C137 showed weak
effects (Ipara/Idia = 0.8–1.0) for most Cc residues. MTSL at C10
caused weak PRE around Cc residue 20, but MTSL at C97, which
is located closest to I102, did not cause any signiﬁcant effects on
Cc [5]. It could be that the presence of MTSL at these locations
interfered with encounter complex interactions at that site, result-
ing in weak/no observed PREs. It should be noted that the same
holds true for this work; even though the CSP map and the afﬁnity
are hardly affected by the MTSL at V28C, it cannot be excluded that
the spin label subtly inﬂuences the distribution of the Cc in the
encounter complex.
This work highlights the importance of obtaining a comprehen-
sive data set, by using paramagnetic tags located as several sites on
both sides of the complex, in order to achieve a full understanding
of how the proteins interact. Another consideration is the ﬂexibil-
ity of MTSL. Although MTSL tags are great tools for mapping sur-
face interactions, their inherent ﬂexibility limits the precision of
the data, so other, more rigid tags may be more useful for reﬁne-
ment of the encounter complex. Expanding these studies to includ-
ing data form both sides of the complex and with different types of
paramagnetic tags will thus allow for a more complete character-
ization of the CcP–Cc complex, including reﬁning the encounter
ensemble and possibly validating the proposed low-afﬁnity bind-
ing site [42].
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